Introduction
Cell cycle transitions are regulated primarily by the cyclin-dependent kinases, at least 10 of which have been identi®ed in mammalian cells (Meyerson et al., 1992; Pines, 1994; Tassan et al., 1995; De Falco and Giordano, 1998; Sergere et al., 2000) . Although the mechanisms by which cdk1(cdc2) and cdk2 regulate the G2/M and G1/S transitions, respectively, are known in some detail (Pines and Hunter, 1990; Nigg, 1993; Sherr, 1996) , the roles of the other cdks are less clear.
For example, although it is known that cdk3 is indispensable for cell proliferation (van den Heuvel and Harlow, 1993) , its actual functions have not been fully elucidated. Recent data (Hofmann and Livingston, 1996; Hengstschlager et al., 1999) suggest that it plays a role in activation of certain members of the E2F family of transcription factors, which are essential for the G1 to S transition in cells. Some cdks, such as cdk5 and perhaps cdk9, may not even play a direct role in cell cycle progression itself, but rather may serve a function in dierentiation and/or apoptosis, at least in certain cell types (Tang and Wang, 1996; Zhang et al., 1997; Bagella et al., 1998; MacLachlan et al., 1998) . Other cdks, such as cdks7, 8 and 9, appear to be involved in regulation of activity of RNA polymerase II (Feaver et al., 1994; Rickert et al., 1996; Edwards et al., 1998; Fujinaga et al., 1998; Wei et al., 1998) . It has also been proposed that cdk7, complexed with cyclin H, is also involved in activation of other cdks, through phosphorylation of a conserved threonine residue in the T-loop of the kinases (Solomon et al., 1993; Fisher and Morgan, 1994) .
The function of cdk4 has been intensively studied and it appears that this kinase is involved, at least in some cell types (see Jiang et al., 1998; Rane et al., 1999; Tsutsui et al., 1999) , in progression through G1 phase and that it accomplishes its role by phosphorylation and inactivation of the growth-suppressing functions of the Rb protein (reviewed in Sherr, 1996; Weinberg, 1995; Sherr and Roberts, 1995) . Upon phosphorylation by cdk4 and then by cdk2, Rb releases E2F-family transcription factors which it sequesters, thus freeing them to activate genes encoding proteins necessary for G1-phase completion, S phase entry and DNA replication. Cdk4 is activated by association with cyclin D-family members (cyclins D1, D2 and D3), cyclins which are directly upregulated by growth-factor stimulation (Matsushime et al., 1991; Won et al., 1992; Winston and Pledger, 1993) . Like cdk4, cdk6 is also activated by cyclin D-family members and will preferentially phosphorylate the Rb protein, as compared to histone H1, in vitro (Bates et al., 1994; Matsushime et al., 1994; Meyerson and Harlow, 1994; Lucas et al., 1995a) . It is also highly homologous in sequence to cdk4 (Hanks, 1987; Meyerson et al., 1992) . Although cdk6 has been less studied than cdk4, it has been generally assumed that the two kinases play identical or very similar functions in cells.
In studies in which various dominant-negative mutants of the cdks were expressed in cells, it was found that whereas, cdks1, 2, 3 and 4 all eectively blocked or slowed cell cycle progression (van den Heuvel and Harlow, 1993; Jiang et al., 1998; Nagasawa et al. , submitted for publication), the cdk6 dominantnegative protein had virtually no eect on cell growth (Nagasawa et al., submitted and data presented below) . It was also shown that in 3T3 cells, cdk6 activity was relegated to a short period soon after resting (serumstarved) cells were stimulated to re-enter the cell cycle. Though this transient activity could be abrogated by the dominant-negative form of cdk6, the cells nonetheless entered and proceeded through the cell cycle (Nagasawa et al., submitted) . Furthermore, it has been noted that proliferating T cells possess relatively high cdk6 activity, but after co-stimulation through the Tcell receptor and CD28, this activity is greatly increased and cdk6 is rapidly translocated to the nucleus (Nagasawa et al., 1997) . Taken together, these results, and others described below, suggest that cdk6 may not be needed directly for cell cycle entry or progression itself, but serves other functions.
In order to analyse the possible functions of cdk6, a panel of cell lines stably over-expressing cdk6 was prepared. These lines not only had elevated cdk6 levels but kinase activity was now detected throughout the growth cycle. All of the lines studied also stably overproduced the p53 (Levine, 1997) and p130 (Moberg et al., 1996; Smith et al., 1996; Mayol and Grana, 1998) growth-suppressing proteins. Furthermore, they exhibited enhanced sensitivity to ultraviolet light. Following irradiation, they synthesized the pro-apoptotic member of the Bcl-2 family, the Bax protein (Oltvai et al., 1993; White, 1996) and underwent apoptosis. We propose that cdk6 may play a signi®cant role in the cells' ability to respond to environmental stimuli and that, after cells enter the proliferative state, cdk6 may be involved in halting cell cycle progression if growth is inappropriate.
Results
Isolation and characterization of stable transfectant cell lines over-expressing cdk6
As described elsewhere (Nagasawa et al., submitted) , abrogation of cdk6 kinase activity appeared to have little aect on the growth, arrest or cell-cycle re-entry of 3T3 cells. In order to further explore the possible functions of cdk6, stable cell lines with elevated levels of the wild-type(wt) form of cdk6 were isolated. Levels of cdk6 protein in proliferating 3T3 cells and ®ve clonally-derived lines over-expressing cdk6 are shown in Figure 1a . Levels of cdk4 protein showed little signi®cant change in the lines. In Figure 1b , the Rb-kinase activity associated with cdk6 immunoprecipitates isolated from growing 3T3 cells, the cdk6dn3 line and the cdk6wt1 line are compared. The kinase activity from the ®rst two cell types is little dierent from background levels seen in the control lane, that associated with a mock-immunoprecipitate prepared without cell lysate. Proliferating 3T3 cells have almost no endogenous cdk6 kinase activity; in contrast, the kinase activity associated with the cdk6 immunoprecipitate from the cdk6wt1 line was very high. It appeared that ectopic expression of cdk6 resulted in high levels of activity, even in randomly proliferating cell cultures. Previous studies showed that parental 3T3 cells exhibited signi®cant cdk6 kinase activity only during a short part of early G1 phase, and that this activity could be eectively abrogated by expression of a dominant-negative form of cdk6. Similar analysis of a line over-expressing wild-type cdk6 indicated that kinase activity was present throughout the cell cycle, except in G0 phase, but that it showed a maximal level in G1 phase (Nagasawa et al., submitted and Figure 1 Elevated levels of cdk6 protein and activity in 3T3 cell lines created by stable transfection with pCMVwt cdk6. In (a), cdk6 and cdk4 protein levels were determined by immunoblot analysis in proliferating parental 3T3 cells (lane 1) and in ®ve clonal lines derived after transfection with a plasmid encoding the wild-type form of cdk6 (lanes 2 ± 6, respectively). In (b), the cdk6 kinase activities were determined in immunoprecipitates prepared from proliferating 3T3 cells (lane a) and in stable clonal lines over-expressing a dominant negative (lane 2) or wild-type form (lane 3) of the cdk6 protein. In lane 4 are shown results using à mock immunoprecipitate' prepared without cell lysate. In the lower region of (b), the content of cdk6 in each of the three immunoprecipitates was examined by immunoblot analysis. Ig-H indicates the position at which IgG heavy chain migrated in the gel Effects of cdk6 on p53 and p130 proteins M Nagasawa et al unpublished results). Such a pattern of activity has also been observed in normal human T lymphocytes, a cell type which has very high levels of cdk6 (Meyerson and Harlow, 1994; Lucas et al., 1995a) . In the bottom panel of Figure 1b , the levels of cdk6 protein seen in the three immunoprecipitates were assessed by immunoblotting. At the exposure level used here, the endogenous protein level present in parental cells was undetectable, whereas protein levels seen in the cdk6dn and cdk6wt lines were elevated. In all lines analysed so far, it appeared that levels of protein expression of the dn form achieved were much higher than cdk6 wt levels. This suggested that whereas inhibition of cdk6 activity has little eect on the growth and health of 3T3 cells in culture, overexpression of the wild-type form might be potentially detrimental.
Analysis of the growth of cdk6wt lines indeed suggested some dierences in growth parameters, as compared to parental cells. For example, after subculturing of growing cells, the growth rate of cells overexpressing cdk6 was signi®cantly decreased compared to parental cells, as shown in Figure 2 . Expression of a dominant-negative form of cdk6 had no eect on growth rate (Figure 2 ). Similar to parental 3T3 cells, the cdk6wt lines remain healthy in serum-depleted medium for several days and will re-enter the cell cycle after serum addition. However, as shown in Figure 3 , the ®rst cell cycle after re-entering the cycle is perturbed. Here, cultures of parental 3T3 and 3T3-cdk6wt1 cells were arrested in G0 phase and then induced to re-enter the cycle by addition of complete growth medium. At the times indicated in Figure 3 , cellular DNA was labeled by incorporation of 3 Hthymidine. Surprisingly, despite an overall decrease in growth rate (Figure 2) , the 3T3-cdk6wt1 cells entered S phase somewhat earlier than parental cells. However, the length of time needed to traverse the S/G2/M period was lengthened compared to parental 3T3 cells. By 27 h after release from G0 phase, the parental cell cultures reached an almost maximal level of DNA synthesis (in their second cell cycle after release), whereas incorporation into the 3T3-cdk6wt1 cells was markedly lower.
Over-production of p53 and p130 in cell lines stably over-expressing cdk6
Since cdk6 kinase activity was expressed at high levels in the cell cycle of cdk6wt lines, it was expected that some eects on cell growth or function would be observed in these lines. A molecular analysis of several molecules known to be important in cellular growth control, such as p53 and Rb-family members, was begun. As shown in Figure 4 , two molecules, the p53 protein and the p130 member of the Rb family were highly over-produced in every cdk6wt line examined. Molecules examined which showed little signi®cant dierence from normal levels included cdk4 (see Figure 1 ), the Rb protein itself (data not shown) and the p107 member of the Rb-family (see Figure  12 ). As shown in Figure 4a , at the exposure level used here, the parental 3T3 line and three cdk6dn lines had no detectable p53 protein. In contrast, all ®ve cdk6wt lines contained very high levels. In normal cells, p53 protein is usually present in low amounts in the resting state, peaks in amount as cells approach S phase (i.e., 8 ± 9 h after serum-stimulation of 3T3 cells) and then declines in amount (Mercer and Baserga, 1985; Terada et al., 1991) . As shown in Figure 4b , despite very high levels of p53 in the cdk6wt1 cell line, a relatively normal pattern of accumulation and decay was observed. In Figure 4c , it is shown that growing 3T3 cells contain some p130 protein. Levels are dramatically increased in all of the cdk6wt clonal lines. In contrast, p130 was undetectable in the cdk6dn lines. The involvement of cdk6 in production of p130 is also suggested by the results shown in Figure 5 . When resting 3T3 cells were stimulated to enter the cell cycle, there was an initial rapid increase in the amount of p130. In the cdk6dn3 line, which contains less p130 in the resting state, this increase in amount was both delayed and greatly decreased in amount.
In cell lines analysed to date, p130 is high in amount in the resting (G0) state and decreases in amount as cells enter and progress through the cell cycle (see, for example, Mayol et al., 1995 Mayol et al., , 1996 Dong et al., 1998; Garriga et al., 1998; Smith et al., 1998) . In Figure 5 , it was shown that p130 increased in amount in 3T3 cells entering the cell cycle. This apparent discrepancy is due at least partially to the fact that only the ®rst 6 h after cell cycle entry were examined in this experiment. As shown in Figure 6 , in the parental 3T3 cells, p130 indeed increases in amount by 1.5 ± 5 h and then decreases in amount thereafter. In contrast, p130 levels appeared to be less regulated in the cdk6wt1 cells, with high amounts of p130 throughout the cell cycle. Also of interest, it appeared that the species of p130 present diered in the parental and transfectant cell lines. In particular, it appeared that the lowest mobility species (identi®ed at p130-form 3 by Mayol et al. (1995 Mayol et al. ( , 1996 ) was far less abundant in the 3T3-cdk6wt1 line. The content and species of p130 in the two cell lines were also examined in cells arrested for extended periods in G0 phase, as shown in Figure 7 . At the exposure level used here, parental 3T3 cells contained little p130 protein; it appeared to be p130-form 3. With increasing time in growth arrest, two other forms of p130 (likely p130-form 2 and form 1 as de®ned by Mayol et al. (1995 Mayol et al. ( , 1996 ) were seen and increased in amount. In the transfectant line, it appeared that the proliferating cells had primarily form 2. Upon prolonged growth arrest, p130-form 2, and then form 1, increased in amount. Finally, to con®rm that the molecule identi®ed was true p130 protein, and to determine if the patterns Figure 4 Elevated p53 and p130 levels in all cell lines overexpressing cdk6. In (a) are shown results of immunoblot analysis for p53 of extracts prepared from proliferating parental 3T3 cells (lane 1), three cell lines expressing a dominant-negative form of cdk6 (lanes 2 ± 4) and ®ve cell lines over-expressing the wild-type form of cdk6 (lanes 5 ± 9). In (b), the kinetics of accumulation of p53 protein after resting (serum-starved) 3T3-cdk6wt1 cells were induced to enter the cell cycle by serum-addition was assessed by immunoblot analysis. In (c) are shown results of immunoblot analysis for p130 from extracts prepared from proliferating parental 3T3 cells (lane 1), three cell lines expressing a dominant-negative form of cdk6 (lanes 2 ± 4) and ®ve cell lines over-expressing the wild-type form of cdk6 (lanes 5 ± 9) Figure 5 Kinetics of accumulation of the p130 protein in 3T3 and 3T3-cdk6dn3 cells after release from growth arrest. The two cell lines were growth-arrested by incubation in medium with 0.1% serum. Afer release from growth arrest by serum-addition, cells were harvested and cell extracts were assessed for p130 content by immunoblot analysis Figure 6 Cellular content of the p130 protein in 3T3 and 3T3-cdk6wt1 cells after release from growth arrest. The two cell lines were growth-arrested by incubation in medium with 0.1% serum. After release from growth arrest by serum-addition, cells were harvested and cell extracts were assessed for p130 content by immunoblot analysis of species observed were due to the polyclonal antibody preparation used, a second antibody, a mouse monoclonal, was employed. As shown in Figure 8 , the two antibodies yielded similar results, although it appeared that the mouse monoclonal was better able to detect the p130 species of lowest mobility. Proliferating 3T3 cells and cdk6dn3 cells contained little p130 protein, whereas cdk6wt1 cells (and a control T cell extract) contained high amounts of p130. Using the mouse monoclonal antibody, it was also clearly seen that the 3T3-cdk6wt1 cells (and the T cells) did contain the lowest mobility species, but in lower amounts than in the parental 3T3 and 3T3-cdk6dn3 cells.
The cellular content of p53 is highly regulated in normal cells, usually at the level of protein stability (Levine, 1997; Ko and Prives, 1996) . In the next set of experiments, the basis for the highly elevated amounts of p53 in the cdk6wt lines was examined. First, the half-life of p53 in the cdk6wt3 line was estimated by pulse-chase analysis. Cells were labeled for a brief period with 35 S-methionine and then, at various times thereafter, cells were harvested and p53 was immunoprecipitated. As shown in Figure 9a , a substantial incorporation into p53 was observed during the labeling period (lane 1). As soon as 30 min after the labeling period, a dramatic decrease in incorporated isotope was detected. After this time, virtually no labeled p53 was detected. As shown in the bottom panel of Figure 9a , substantial p53 protein levels were present throughout the experiment. The results indicate a turn-over time (half-life) of less than 15 min, a result consistent with the normal turn-over of wild-type p53 (Reich et al., 1983) . A comparable analysis in the parental 3T3 cells used by us was not possible because of the very low levels of endogenous p53 present.
Since the half-life of p53 in the cdk6wt cells appeared as short as in other cells studied, other parameters which could account for the high levels of p53 observed were investigated. As shown in Figure 9b , Northern-blot analysis demonstrated that whereas parental 3T3 cells and cdk6dn3 cells had undetectable levels of p53 mRNA, the cdk6wt1 line had substantial amounts. It appears then that either the rate of transcription of the p53 gene, or the stability of its mRNA, was greatly enhanced in the cdk6wt line. Smethionine, followed by extensive washing and incubation in normal growth medium. At various times after removal of the radioisotope, cells were harvested and p53 protein was immunoprecipitated. The upper gel of (a) shows the results of autoradiography after gel electrophoresis of the immunoprecipitates. Immediately after radiolabeling, p53 was clearly detectable (lane 1, 0 time), but decreased greatly by 0.5 h (lane 2). In the bottom gel of (a) the cellular content of p53 in the cell extracts was assessed by immunoblot analysis. In (b), the cellular content of p53 mRNA was assessed by Northern blot analysis of RNA prepared from parental 3T3 cells (lane 1), 3T3-cdk6dn3 cells (lane 2) and 3T3-cdk6wt1 cells. As a control for sample loading, the mRNA content for GAPDH was also determined in the samples Figure 7 Accumulation of the p130 protein in 3T3 and 3T3-cdk6wt1 cells during incubation in 0.1% serum. Proliferating cultures of the two cell lines in medium containing 10% fetal calf serum were transferred to medium with 0.1% serum. At the times indicated, cells were harvested and cell extracts were assessed for p130 content by immunoblot analysis
The amounts of p130 mRNA were also assessed by Northern blot analysis (Figure 10 ). It appeared that the cdk6wt1 preparation gave a signi®cantly higher p130 signal whereas the cdkdn3 RNA gave a slightly lower signal than the parental 3T3 RNA sample. When the signals were quantitated and then normalized for the amounts of actin mRNA in the samples, the ratio of p130 mRNA in the parental 3T3, 3T3-cdk6dn3 and 3T3-cdk6wt1 cell lines was 1.00/0.80/ 1.16. Given the great increase in amount in p130 protein in 3T3-cdk6wt1 cells as compared to the other two lines (see, e.g., Figure 4) , it seems likely that for p130, unlike p53, increased protein levels were not due primarily to increased accumulation of mRNA. Previous studies by Smith et al. (1998) have indicated that p130 mRNA levels are relatively constant throughout the cell cycle, despite changing p130 protein amounts, thus indicating a post-transcriptional level of control.
Functionality of the p53 protein over-expressed in cdk6wt cells
Gross over-production of wild-type p53 is rarely seen in normal cells because of the powerful growthsuppressing capabilities of the protein. It was remarkable therefore that growing cell lines containing such highly aberrant levels of p53 could be obtained. However, p53 function is not only regulated by protein amount. To be functional, p53 must also be phosphorylated and transported to the nucleus (see, for example, Martinez et al., 1997; Kapoor and Lozano, 1998) . It was therefore possible that the high level of p53 seen in the cdk6wt lines was in an inactive, nongrowth suppressing form.
Increased p53 function can often be seen after UVirradiation of cells (Lu and Lane, 1993; Haapajarvi et al., 1997) . Induction of p53 function can be assessed by examining the expression of various p53-regulated genes, which include the cyclin-dependent kinase inhibitor, p21, and the apoptosis-inducing member of the Bcl-2 family, Bax (El-Diery et al., 1993; Miyashita and Reed, 1995) . Therefore, cultures of parental 3T3, cdk6dn3 and cdk6wt1 cells were exposed to UVirradiation and examined for expression of several gene products. In addition, the viability of the cells was examined. As shown in Figure 11 , the viability of the 3T3 or cdk6dn3 cells was little changed by the UVirradiation protocol used. In contrast, many cells (about 65%) in the cdk6wt1 cell culture were dead by 24 h after irradiation. As shown in Figure 12 , at the time of treatment (0 time), only the cdk6wt3 cells had high levels of p53 and p130, as described above. All three lines had high levels of the p107 protein and little or no Bax gene product. Upon UV-irradiation, the Bax-gene protein increased greatly only in the cdk6wt3 cell line. The p53-regulated gene product p21 was also induced in these cells (data not shown). Little or no change occurred in the cellular contents of any of the molecules in the 3T3 or cdk6dn3 cells. By 24 h after irradiation, the cellular content of all four molecules in cdk6wt1 cells decreased in amount. As noted above, these cell cultures contained many dead cells by 24 h after irradiation. That the cells were dying by a process of apoptosis was suggested by the fact that there was also an increase in amount and cleavage of the enzyme poly(ADP-ribosyl) transferase (data not shown), events often observed during cell death (Lazebnik et al., 1994; Tewari et al., 1995) . It appears then that overproduction of cdk6 in 3T3 cells resulted in a markedly Reversibility of the cdk6wt phenotype by inhibition of cdk6 activity
In the experiments described above, stable transfectants maintained in culture were used. Attempts to overexpress wt and dn cdk6 in transient transfections were also attempted. However, although it was possible to prepare cultures which expressed the dn form of cdk6, little over-expression of the wt form could be achieved. In the stably transfected lines, over-expression of the dn form was always higher than the wt form, perhaps suggesting that the latter is far more detrimental to cell viability. As a result, it was not possible to directly determine if transient over-expression of cdk6 resulted in over-expression of p53 and p130. However, since very high levels of the dn form could be expressed in transient transfections, the eect of cdk6dn expression on a cell line already over-expressing cdk6wt was examined. As shown in Figure 13 , transfection of the cdk6dn form into cdk6wt1 cells led to a great increase in overall cdk6 protein production, with little eect on cdk4 production. However, by 24 h after transfection, abrogation of cdk6 activity by expression of the dn form led to a decrease in cellular content of p53 and p130. Although indirect, these data suggest that maintenance of high levels of p53 and p130 are the result of over-expression of cdk6. The transfected cells were also examined for growth rate. As shown in Figure 14 , cell numbers in cultures of 3T3-cdk6wt1 cells transfected with the dn plasmid increased more than those in control cultures transfected with the empty vector. At 3 days after transfection, the dn transfected cell culture had nearly 40% more cells than did the control culture. That the increase in overall growth rate was not greater was likely due to the fact that not all of the cells in the culture were transfected with the cdk6dn plasmid.
Discussion
The cyclin-dependent kinases cdk4 and cdk6 form a subset which are similar in several properties, including primary sequence, activation by the D-type cyclins, and the ability to phosphorylate the Rb protein in in vitro kinase reactions (Hanks, 1987; Meyerson et al., 1992; Matsushime et al., 1994; Meyerson and Harlow, 1994; Lucas et al., 1995a) . However, several recent studies suggest that the functions of cdk4 and cdk6 may dier. Based on the dierent kinetics of inactivation of cdk6 and cdk4 kinase activities during the dierentiation of primary erythroblasts in culture, Hsieh et al. (2000) have suggested that the two kinases are not function- Figure 13 Decrease in content of p53 and p130 proteins in 3T3-cdk6wt1 cells after transient transfection with the dominantnegative form of cdk6. 3T3-cdk6wt1 cells were transfected with a plasmid encoding the dominant-negative form of cdk6 (lanes 2 in the four panels) or the empty vector (lanes 1). Twenty-four hours after transfection, cultures were harvested and cell extracts were assessed by immunoblot analysis for cdk6, cdk4, p53 and p130 protein levels Figure 14 Increased growth rate of 3T3-cdk6wt1 cells after transfection with the dominant-negative form of cdk6. 3T3-cdk6wt1 cells were transfected with a plasmid encoding the dominant-negative form of cdk6 (closed circles) or the empty pCMV vector (open circles), as in Figure 13 . Cell numbers were determined at the indicated times after transfection Figure 12 Induction of the Bax protein after UV-irradiation of 3T3-cdk6wt1 cells. Proliferating cultures of 3T3-cdk6dn3 cells (lanes 1 ± 3) , parental 3T3 cells (lanes 4 ± 6), and 3T3-cdk6wt1 cells (lanes 7 ± 9) were irradiated with ultraviolet light as described above. At 0, 4 and 24 h after irradiation cells were harvested and extracts were assessed by immunoblot analysis for content of the Bax, p53, p107 and p130 proteins, as indicated ally redundant. Matushansky et al. (2000a) showed that whereas ectopic over-expression of a combination of cdk2 and cdk4 could extend the proliferation of dierentiating mouse erythroleukemia cells, cdk2 combined with cdk6 could not. Furthermore, inhibiting the combination of cdk2 and cdk6, but not cdk2 and cdk4, triggered dierentiation of the cells (Matushansky et al., 2000b) , again indicating a functional distinction between cdk4 and cdk6. Several properties of cdk4 and cdk6 in T lymphocytes and 3T3 ®broblasts also suggest that the two kinases may be performing dierential rather than redundant functions in vivo. Thus, following activation of resting T cells, cdk6 is rapidly translocated to the nucleus (Nagasawa et al., 1997) . Furthermore, its activation as a kinase precedes by several hours that of cdk4 (Lucas et al., 1995a,b) . As noted above, in 3T3 ®broblasts, cdk4 and cdk6 proteins are present throughout the cell cycle. However, cdk6 kinase activity is seen only during a short time period in early G1 phase. Moreover, abrogation of cdk4 by expression of a dominant-negative form of the enzyme had dramatic eects on cell cycle progression and growth-control properties, whereas cdk6 abrogation had virtually no eect (Figure 2 and Nagasawa et al., submitted), prompting the conclusion that cdk6 activity may not be a requirement for cell cycle progression, at least in 3T3 cells.
Therefore, in order to probe the possible functions of the kinase, stable cell lines over-expressing cdk6 throughout the growing cell cycle were obtained. The cells had a markedly decreased growth rate and a perturbed cell cycle. Furthermore, molecular analysis revealed that all cell lines over-expressing cdk6 also exhibited marked increases in their levels of the p53 and p130 proteins. It is of interest that overexpression of cyclin D1 in 3T3 cells also resulted in increased levels of p53 and also of the cyclindependent kinase inhibitory protein, p21 (Hiyami et al., 1997) . Although growth rate appeared unaected in the latter study, the 3T3 cells over-expressing cyclin D1 also acquired the property of anchorage-independent growth.
As shown in Figure 2 , the growth rate of cells overexpressing cdk6 was markedly lower than that of parental 3T3 cells or cells expressing a dominantnegative form of cdk6. It has been reported that enforced expression of wild-type cdk6, either alone (Grossel et al., 1999) or together with cyclin D1 (Ojala et al., 1999) appeared to shorten G1 phase length, whereas the dominant-negative form delayed S phase entry (Grossel et al., 1999) . However, it should be noted that these latter two studies were performed with the U2OS cell line, which is defective in production of the p16
INK4a cdk inhibitor (Koh et al., 1995; Lukas et al., 1995; Medema et al., 1995) , a trait which itself may have dramatic eects on cdk regulation. Furthermore, in a more detailed analysis of the cell cycle of 3T3 cells over-expressing cdk6 (see Figure 3) , it has been found that entry into S phase is in fact somewhat accelerated, but that progression through the rest of the cell cycle (S/G2/M) is dramatically reduced.
Both the p53 and p130 proteins play important roles in the negative regulation of growth. For example, the p53 transcription factor, when activated, regulates production of the p21 CDKI(cyclin-dependent kinase inhibitor) and the pro-apoptotic member of the Bcl-2 family, Bax, proteins which can induce G1-phase arrest and cell death, respectively (El-Diery et al., 1993; Miyashita and Reed, 1995; Sherr and Roberts, 1995; Levine, 1997) . The p130 protein is a member of the Rb pocket protein-family and appears to play a role in G0 and G1 phases of the cell cycle (Moberg et al., 1996; Smith et al., 1996; Mayol and Grana, 1998) . Its cell cycle inhibitory eects may be mediated not only through regulation of E2F transcription factors, but also through inhibition of cdk2 activity (De Luca et al., 1997; Howard et al., 2000) .
Over-production of p53 and p130 were observed in all lines over-expressing wild-type cdk6 but in none expressing the dominant-negative form of the kinase, indicating that the generation of the phenotype was not simply a result of the transfection or cell cloning procedures. Both wt and dn cdk6 constructs were cloned in the same vector and identical selection procedures were used. Furthermore, enhanced production of p53 and/or p130 was not observed in lines producing the dominant-negative form of cdk4, a condition which is also growth-suppressing (Nagasawa et al., unpublished observations) .
Although over-expression of p53 generally signals growth arrest, the cdk6/p53/p130 over-expressing lines described here were all viable but grew at a reduced rate. It was surmised, therefore, that the p53 protein was in at least a partially inactive, but potentially active, form in the cell lines. This notion was supported by the fact that UV-irradiation of the cells led to Bax protein over-production and rapid cell death, presumably through a p53-mediated mechanism. A possible role for cdk6 in enhanced cell death when it is appropriate is also noteworthy in the light of recent observations that the KSHV/HHV8 virus-encoded vcyclin can, in cells expressing high levels of cdk6, induce apoptosis (Ojala et al., 1999 (Ojala et al., , 2000 .
It was also of interest that the species of p130 protein present at various times in the cell cycle diered in parental 3T3 and 3T3-cdk6wt1 cells. In general it appeared that the transfected cells contained relatively more of the p130-forms 1 and 2, and less form 3 than the parental cells. As noted previously (Mayol et al., 1995 (Mayol et al., , 1996 Garriga et al., 1998) , at least in some cell types, an abundance of form 3 is associated with a proliferative state, and thus its relative de®ciency in the 3T3-cdk6wt1 cells may account at least partially for their decreased growth rate. Further work to de®ne more precisely the forms of p130 present in the cells, and their relative stabilities, which might also aect the patterns observed (see Garriga et al., 1998) , is in progress.
Although cell lines over-expressing cdk6 activity also overproduced the p53 and p130 proteins, a direct link between the two phenomena has not been established. However, as shown in transient transfections, expres-sion of a dominant-negative form of cdk6 in cells already over-expressing cdk6, p53 and p130 led to an increase in growth rate and a dramatic decrease in abundance of the latter two proteins, implying cause and eect for the role of cdk6 in their accumulation. As noted above, it has not been possible to show directly that transient over-expression of cdk6 leads to p53 and p130 up-regulation. Dramatic over-production of the dn form but not the wt form of cdk6 has been achieved in transient transfections. As suggested above, this may be due to a greater toxicity of the latter form.
A major form of regulation of p53 cellular content is at the level of protein stability (Reich et al., 1983; Ko and Prives, 1996; Levine, 1997) . However, overproduction of p53 in the cell lines described here appeared to be at the level of mRNA expression and/ or stability. Cell lines over-expressing cdk6 may therefore prove useful in probing further the mechanisms regulating p53 mRNA production and accumulation. Although much is known about the means by which p53 controls the expression of genes, such as p21 or Bax, little is yet known about how expression of the p53 gene itself is regulated. A similar analysis of p130 mRNA content indicated that the increased accumulation of p130 protein in cells over-expressing cdk6 was likely not due solely to increased mRNA content. Analysis of the regulation of p130 protein amount in other systems has also suggested post-transcriptional mechanisms of control (see, e.g., Smith et al., 1998) . Whether or not p130 accumulation in 3T3 cells with high levels of cdk6 is due to enhanced translation or stability of the protein is currently under study.
In summary, these data add to the accumulating body of evidence that the functions of cdk4 and cdk6 are indeed distinct, despite the high degree of homology between the two proteins. Whereas cdk4 may be essential for cell growth itself, at least in some cell types, it appears that cdk6 is not, at least in 3T3 cells. Taken together, the data suggest that cdk6, which is activated soon after cell growth is induced after quiescence, may act to induce genes which can cause withdrawal from the cell cycle, such as p53 and/or p130, if growth is inappropriate at the time.
Materials and methods

Cell culture
NIH3T3 cells (Todaro and Green, 1963) were cultured in D-MEM (Dulbecco-modi®ed Eagle's medium; Gibco-BRL) containing 10% FCS and antibiotics (penicillin/streptomycin). Cells were always sub-cultured before reaching conuence. For the serum-starvation experiments, cells were placed in medium containing 0.1% FCS and incubated for 48 ± 72 h. Cells were then stimulated to re-enter the cell cycle by replacing the medium with complete growth medium with 10% FCS. Cell viability was determined by trypan blue dyeexclusion. For irradiation of cells with ultraviolet light (UV-C), growth medium was removed from the cells and they were washed once with phosphate-buered saline (PBS). The cells were then covered with PBS (5 ml for a 100 mm tissue culture dish; 3 ml for a 60 mm dish). The cells were irradiated with a UV lamp (Model UVM-57; UVP Inc., San Gabriel, CA, USA) to provide a dose of 20 J/m 2 . PBS was removed and the cells were incubated in complete growth medium. Cellular DNA synthesis was measured by labeling with 3 Hthymidine as described previously (Terada et al., 1993) , except that 1 h pulse periods were used here.
Transfection
The plasmids used (pCMV cdk6wt and pCMVcdk6dn (van den Heuvel and Harlow, 1993)) were gifts from Drs E Harlow, S van den Heuvel and J LaBaer (Massachusetts General Hospital, Charlestown, MA, USA). Transfection was performed using Lipofectin according to the protocol recommended by the supplier (Gibco/BRL). Transfected cells were transferred to 24 well culture dishes and then placed in complete medium containing 200 mg/ml neomycin at 48 h after transfection. Medium was changed every 3 days and growing colonies were assessed for cdk protein expression and kinase activity.
Immunoblot analysis
For use in immunoblot analysis (Terada et al., 1991; Szepesi et al., 1994) , cells were washed with PBS and then lysed at 48C in a buer containing 10 mM Tris-HCl, 50 mM NaCl, 0.5% sodium deoxycholate, 0.2% SDS, 1% Nonidet P-40, 1 mM PMSF, 50 mg/ml aprotinin, 50 mM leupeptin, and 0.1 mM sodium orthovanadate. After removal of cellular debris by centrifugation, lysates were prepared for electrophoresis and PAGE was performed as described previously (Terada et al., 1991) . After electrophoretic transfer of proteins to nitrocellulose membranes, the membranes were incubated overnight at 4C in TBST containing 2% BSA. They were then incubated with the appropriate primary antibody for 2 h at room temperature. For detection of speci®c proteins, an enhanced chemiluminescence method was used with an appropriate secondary antibody (a 1 : 5000 dilution of either horseradish peroxidase-linked sheep antimouse Ig or donkey anti-rabbit Ig; Amersham). The latter reagents were incubated with the membrane for 45 min. Reagents for the chemiluminescence immunoblotting detection method were obtained from cdk6, p130, p107, and Bax antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The mouse monoclonal clone 10 (R27020) antibody to Rb2 (p130) was obtained from Transduction Laboratories (Lexington, KY, USA).
Immunoprecipitation of p53 protein
Metabolic labeling of cellular protein was performed (Lucas et al., 1995c) by placing cells in methionine-free medium containing dialyzed FCS (10%) and incubating for 2 h with 100 mCi/ml of [ 35 S]-methionine (speci®c activity : 1200 Ci/ mmol; Dupont NEN, Wilmington, DE, USA). Cells were suspended in a solution containing 50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, 10% glycerol and 1.0% (v/v) NP-40. They were disrupted by sonication for 15 s at 48C. After preclearing of lysates with recombinant protein G-coupled Sepharose beads (Zymed, San Francisco, CA, USA), speci®c immune complexes were precipitated with an anti-p53 antibody (Ab-1 from Oncogene Research Products, Cambridge, MA, USA). Immunoprecipitates were washed ®ve times in NP-40 containing solution described above and then resuspended in a sample buer for electrophoresis. The sample were boiled at 958C for 5 min and then either frozen or used immediately for analysis.
Determination of cdk6 kinase activity
The procedure used was based on that previously described for isolation and assay of cdk6 (Meyerson and Harlow, 1994; Lucas et al., 1995a) . Cells were lysed in a solution containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 1 mM dithiothreitol, 10% glycerol, 0.1% (v/v) Tween 20, 0.1 mM PMSF, 10 mg/ml aprotinin, 20 mg/ml leupeptin, 100 mM sodium orthovanadate and 10 mM b-glycerophosphate. They were then disrupted by sonication for 15 s at 48C. After preclearing of lysates with recombinant protein G-coupled Sepharose beads (Zymed, San Francisco, CA, USA), speci®c immune complexes were precipitated with anti-cdk6 antibody. Immunoprecipitates were washed several times with the lysis solution described above and then once with kinase reaction buer, which contained 50 mM HEPES (pH 7.2), 10 mM magnesium chloride, 5 mM manganese chloride, and 1 mM dithiothreitol. The immunoprecipitates were then suspended in kinase reaction buer containing 0.5 mg of recombinant p60Rb protein (QED/Canji, San Diego, CA, USA), 100 mM ATP, and 20 mCi of [g-32 ]ATP in a ®nal volume of 25 ml and incubated at 308C for 30 min. Reactions were stopped by addition of the SDS-containing sample buer. After heating at 958C for 5 min and then cooling, the protein G immunobeads were pelleted by centrifugation and proteins in the reaction mixture were resolved by 10% PAGE. The p60Rb bands were visualized by a brief staining of the gels with Coomassie Blue (R-250) in ®xative (7% acetic acid/40% methanol/53% water). The gels were then dried and the labeled bands were detected by autoradiography (15).
Northern blot analysis
Methods for the extraction of total cellular RNA and for Northern blot analysis were as described previously (Lucas et al., 1995b,c) . The probe used for detection of p53-speci®c mRNA was the excised insert from a plasmid containing a full-length p53 cDNA, which was kindly provided by Dr B Vogelstein (Johns Hopkins, Baltimore, MD, USA). For detection of p130, the excised insert from a plasmid containing the mouse p130 cDNA (LeCouter et al., 1996) , kindly provided by Dr Peter Whyte (McMaster University, Hamilton, Ontario, Canada) was used. For quantitation, autoradiograms were scanned and ®les were imported into Adobe Photoshop 4.0 using Epson Silverfast software. Radioactive bands on the scanned ®gures were quantitated using NIH Image 1.62 software.
